inhibited the binding of the mycoplasmas. The six inhibitors also disrupted the adherence of the mycoplasmas to intact ciliated cells. Preincubation with either mycoplasmas or cilia indicated that heparin, mucin, fucoidan, and chondroitin sulfate interacted with the adhesive molecules on the surface of the mycoplasmas, while laminin blocked the receptors in cilia. The basis for the inhibition induced by dextran sulfate was unknown. Treatment of cilia with neuraminidase appeared to promote adherence of the mycoplasmas, whereas treatment of cilia with sodium metaperiodate decreased binding. These results indicate that receptors for M. hyopneumoniae in the ciliated epithelium of the respiratory tract of pigs are glycoconjugate in nature.
Mycoplasma hyopneumoniae is the etiological agent of mycoplasmal pneumonia of swine (MPS), an economically important and widely spread swine disease (22) . This organism is an extracellular pathogen and colonizes the respiratory epithelium of pigs. Immunofluorescence tests (1) revealed that large numbers of mycoplasmas are primarily located on the luminal surface of tracheas, bronchi, and bronchioles. Few of them can be found in alveoli. Electron microscopy (3, 17, 30) demonstrated that M. hyopneumoniae attaches only to ciliated cells and not to other types of epithelial cells and that the organism causes progressive damage to cilia during infection. These data strongly indicate that cilia have specific receptors for mycoplasmal adherence. Damage to the mucociliary system results in inflammation and compromises the defense mechanisms of the porcine respiratory tract, predisposing it to infections by other bacteria and viruses (22) . Virulence factors of M. hyopneumoniae have not been characterized. However, adherence to ciliated cells is considered an important event in determining tropism and colonization.
M. hyopneumoniae adheres only to ciliated cells in vivo, but it can attach to different types of cells in vitro, including turkey erythrocytes (29) , cell monolayers (33) , and single ciliated cells of the swine respiratory tract (32) . Several adherence models have been established on the basis of these findings. However, turkey erythrocytes and cell monolayers may not represent the natural target cells to which M hyopneumoniae adheres. The single ciliated cell adherence assay (SCCAA), which uses natural target cells and mimics the in vivo adherence of M hyopneumoniae, provides a very useful model for the characterization of M hyopneumoniae adherence mechanisms (32) . However, the complexity of the procedure and the relatively subjective evaluation of results limit its routine use in the laboratory. Because cesarean-born, isolation-reared swine and was a mixture of Yorkshire and Hampshire bloodlines. Swine tracheas were collected as described previously (32) . In brief, the pigs were euthanatized, and the tracheas and lungs were exposed. The tracheas were clamped at the larynx and separated from the lungs by cutting at the bifurcation. Other connective tissues were trimmed from the outer surface of the tracheas, and then the tracheas were washed three times by immersion in RPMI 1640 medium before they were cut into small fragments. Ciliated cells were collected by scraping the inner surface of the tracheas with a sterilized stainless steel laboratory spoon. Cilia were extracted from ciliated cells by the methods of Tuomanen et al. (28) . In brief, ciliated cells were suspended in 40 ml of buffer containing 20 Adherence inhibition. For inhibition assays, various carbohydrates and glycoconjugates (see Table 1 ) diluted to appropriate concentrations in AB were mixed with mycoplasmas and added to cilium-coated plates. After incubation and washings, the binding of mycoplasmas to the plates was detected with rabbit anti-M. hvopnelinzoniae antibodies and goat anti-rabbit conjugates as described above. To optimize the sensitivity to interference, 2.5 x 108 CCU of mycoplasmas was used in each well so that the OD of the noninhibitory controls was about 0.5, a value which was in the linear range of the adherence curve (see Fig. 1 Table 4 ). After incubation in a water bath for 90 min, free mycoplasmas were removed by centrifugation (500 x g for 10 min). Cell pellets with associated mycoplasmas were washed twice with PBS and pipetted onto glass slides. Air-dried, methanol-fixed slides were stained with FITC-conjugated antibodies to M. hyopneumoniae and observed under UV light with a Nikon epifluorescence microscope. The fluorescence score (an estimation of the number of mycoplasmas bound to a ciliated cell) for each sample was calculated as reported previously (32 pounds, including D-galactose 6-sulfate, D-glucose 6-sulfate, N-acetylglucosamine 3-sulfate, and N-acetylglucosamine 6-sulfate, had no effect on the binding of M. hyopneumoniae. Tetramethyl urea, which disrupts hydrophobic interactions, magnesium sulfate, and methionine did not inhibit adherence. Mucin from porcine intestine produced 75% inhibition. When compared at concentrations of 20, 200, and 1,000 jig/ml, mucin from bovine submaxillary glands produced substantially lower levels of inhibition than mucin from porcine intestine (data not shown). Actually, inhibition by bovine mucin never exceeded 30% at concentrations of up to 2 mg/ml. Remarkable differences in inhibition were obtained with chondroitin sulfate A, B, or C. Chondroitin sulfate B and chondroitin sulfate A had IC50s of 20 and 80 ,ug/ml, respectively, while no inhibition occurred with chondroitin sulfate C at concentrations of up to 2 mg/ml. Sialic acid had no effect on adherence. Partial inhibition (<50%) was obtained with fetuin, a glycoprotein rich in sialic acids. Asialofetuin and asialomucin, which were derived from fetuin and mucin (bovine submaxillary glands), respectively, and chemically modified to remove surface sialic acids, had significantly higher inhibition activities than fetuin and mucin (Table 2) .
Inhibitory mechanisms. It was speculated that the positive results obtained in the adherence assay with various carbohydrates and glycoconjugates could have resulted either from interference with adhesins of mycoplasmas or from interference with receptors on cilia. The effects of the six competitors were further evaluated by preincubating them with mycoplasmas or with cilia. When preincubated with mycoplasmas, fucoidin, heparin, chondroitin sulfate B, and mucin significantly blocked binding of the mycoplasmas; laminin (6%) and dextran sulfate (16%) resulted in limited inhibition (Table 3) . When the six competitors were preincubated with cilia, laminin produced 75% inhibition, whereas fucoidan produced 27%, a level much lower than that resulting from preincubation with mycoplasmas; the other four competitors had no inhibitory effect. The six competitors also significantly reduced the attachment of M. hyopneumoniae to intact ciliated cells in the SCCAA (Table 4 " Relative to that in AB and reported as mean ± standard deviation in triplicate assays.
' Molecular weight, 500,t)00.
competitors and the control wells without the competitors, indicating that these substances had an impact on the mycoplasma-cilium interaction rather than on the detection process. Effect of neuraminidase and sodium metaperiodate on adherence. Pretreatment of cilia with neuraminidase resulted in a trend toward increased binding of M. hyopneulmoniae (Fig.  3) , although the increase was not significant. In contrast, pretreatment of cilia with sodium metaperiodate, which perturbs carbohydrate structure, significantly reduced attachment (Fig. 3) .
DISCUSSION
The results of this study indicated that the MPAA is specific and reproducible. Compared with other assays, this assay is more objective and sensitive. The MPAA provides a convenient method for the evaluation of adherence mechanisms of M. hyopneumoniae. It is not feasible to screen large numbers of adherence competitors by the SCCAA because of its limitations. However, many samples can be easily analyzed by the MPAA, resulting in the identification of receptor analogs. Furthermore, the nature of receptors may also be determined with this assay.
Data from this study demonstrated that the adherence of M. hyopneumoniae is temperature and dose dependent. Lysed mycoplasmas had higher adherence activity than intact mycoplasmas, indicating that the viability of M. hyopneumnoniae is not required for successful binding and that solubilization of mycoplasmal membranes may expose more binding sites. "Adherence was tested with the SCCAA in the presence of the inhibitors. "See Table 3 , footnote a.
'*Mean ± standard deviation in duplicate experiments.
" See Table 3 , footnote c. Similar findings were reported for Mycoplasma gallisepticum (12) . Unlike Mycoplasma pneumoniae, which did not adhere well in nutrient-deficient medium (14) , M. hyopneumoniae did not require glucose for binding because mycoplasmas resuspended in RPMI 1640 medium and PBS bound equally well. This observation was consistent with the previous finding that metabolically active M. hyopneumoniae was not required for binding in the SCCAA (32) . Heating (56°C for 30 min) mycoplasmas before adherence testing remarkably decreased binding, indicating that an adhesin(s) of M. hyopneumoniae was sensitive to heat. This sensitivity to heat could have resulted from conformational changes in the binding sites for the mycoplasmal adhesins rather than from an impact on metabolic activity because M. hyopneumoniae need not be metabolically active for successful binding. Reduced adherence at low temperatures (4 and 25°C) could have been caused by a decreased thermal motion of particles or molecules, the number of molecular collisions and, consequently, the speed of specific ligand-receptor interactions. A high-passage culture of M. hyopneumoniae was reported to be unable to cause pneumonia in pigs (31) . Attenuation of virulence through successive in vitro passages was also obtained for other mycoplasmas (4, 27) . In this study, the capability of M. hyopneumoniae to adhere to SDS-solubilized cilia was gradually decreased by passage in Friis medium (Fig. 2) . This change in adherence appeared to parallel the decrease in pathogenicity of the mycoplasmas (31) . We speculated that selective variations in mycoplasmal adhesins might have occurred with the increase in passage level, therefore leading to a reduced capability for attachment.
Six adherence inhibitors were identified in this study ( Table  1) . Four of them, fucoidan, heparin, chondroitin sulfate, and mucin, bound to the ligands on the surface of mycoplasmas and therefore were receptor analogs. They are all sulfated glycoconjugates, indicating that sulfonation of carbohydrate chains is important for receptor activity. However, sulfate alone was not sufficient for mycoplasmal binding, since other sulfated carbohydrates, including D-glucose 6-sulfate, D-galactose 6- sulfate, N-acetylglucosamine 3-sulfate, N-acetylglucosamine 6-sulfate, and So42-, had no effect on attachment. The inhibitors are all polyanionic molecules. The only structural difference between chondroitin sulfates A and C is the position of sulfate (24) . Chondroitin (20) . Also, sulfated glycolipids are receptors for several species of mycoplasmas (14, 15) . Perhaps laminin binds to glycolipid receptors in swine cilia and therefore inhibits the adherence of M. hyopneumoniae. Sialic acid has been reported to be a receptor site for bacteria (11) , viruses (16) , and mycoplasmas (10, 18) . The results of this study demonstrated that sialic acid is not involved in the adherence of M. hyopneumoniae. In fact, the removal of sialic acid from cilia appeared to promote the adherence of M. hyopneumoniae (Fig. 3) . This trend was correlated with increased inhibition by asialomucin and asialofetuin ( (32) . It was speculated (32) that hydrophobic interactions initiated the first phase of adherence (nonspecific and low affinity) and that the adhesin-receptor interactions mediated the second phase (specific and high affinity). Tetramethyl urea, which disrupts hydrophobic interactions, partially inhibited adherence in the SCCAA (32), but it did not inhibit adherence in the MPAA (Table 1) . This discrepancy might suggest that in the MPAA, in which the ciliary membranes were solubilized and the receptor(s) was directly exposed to mycoplasmas, hydrophobic interactions were no longer necessary for adherence. Under the conditions utilized with the MPAA, adherence was mainly adhesin-ligand mediated, since (i) M. hyopneumoniae did not bind significantly to microtiter plate wells without coated cilia (Fig. 1) , (ii) receptor analogs inhibited adherence by as much as 90%, and (iii) tetramethyl urea did not interfere with adherence (Table 1) .
M. hyopneumoniae also attached to cell bodies of ciliated cells in the MPAA, indicating the presence of receptors in the plasma membrane of ciliated cells. Although the distribution of some membrane surface components may be polarized at different locations in the plasma membrane of ciliated cells, it seemed that the receptor(s) for M. hyopneumoniae was present in both the ciliary membrane and the luminal membrane of ciliated cells. This finding was not consistent with results obtained in the SCCAA, in which this mycoplasma bound predominantly to the ciliary tuft and only occasionally to cell bodies (32) . This contradiction may be explained by the varied accessibility of receptors in different locations of ciliated cells. These findings suggest that host receptors that interact with the adhesins of a pathogen are not the sole factor required for tissue tropism.
The six inhibitors obtained with the MPAA also blocked the attachment of M. hyopneumoniae to intact ciliated cells ( 
